A proto-neutron star (PNS) is a newly formed compact object in a core collapse supernova. In this paper, the neutrino emission from the cooling process of a PNS is investigated using two types of nuclear equation of state (EOS). It is found that the neutrino signal is mainly determined by the high-density EOS. The neutrino luminosity and mean energy are higher and the cooling time scale is longer for the softer EOS. Meanwhile, the neutrino mean energy and the cooling time scale are also affected by the low-density EOS because of the difference in the population of heavy nuclei. Heavy nuclei have a large scattering cross section with neutrinos owing to the coherent effects and act as thermal insulation near the surface of a PNS. The neutrino mean energy is higher and the cooling time scale is longer for an EOS with a large symmetry energy at low densities, namely a small density derivative coefficient of the symmetry energy, L.
I. INTRODUCTION
Radiation is a standard tool for diagnosing stellar physics not only around the surface but also inside stars. Neutrino radiation is no exception. Notably, in the case of SN1987A, neutrinos were detected for a long period of ∼10 s [1] [2] [3] , which showed neutrino trapping inside the core of a supernova, where neutrinos undergo neutral-current interactions with nucleons [4] . Furthermore, heavy nuclei reside in the outer region of a supernova and near the surface of a cooling proto-neutron star (PNS), which is a nascent compact object formed as a remnant of a supernova explosion [5] . The neutral current cross section is enhanced by the coherent effects of heavy nuclei and is proportional to ∼A 2 , with the mass number of heavy nuclei A [6] . The coherent elastic scattering of neutrinos off nuclei was recently observed in a terrestrial experiment [7] . In the future, nuclear matter in a supernova and PNS will be probed through the imprint of coherent effects on the neutrino radiation [8] .
In this paper, we investigate the impact of heavy nuclei on the neutrino radiation from the cooling process of a PNS. The temperature of a supernova core immediately after the bounce is on the order of 10 MeV and above and there are no heavy nuclei [9] . The supernova core, i.e., the PNS, is cooled by neutrino emission and, in this process, heavy nuclei appear near the surface with low densities [10] . Since the appearance of heavy nuclei is regarded as the nucleation of nuclear matter, we interpret it as a transition from a uniform phase to a nonuniform phase of inhomogeneous nuclear matter. The properties of the heavy nuclei, such as their fraction X A and mass number A at each density and temperature, are determined by nuclear interactions, as well as the nuclear equation of state (EOS). * nakazato@artsci.kyushu-u.ac.jp
For our study, we adopt two sets of EOS, that is, the Togashi EOS [11] and Shen EOS [12] . While the Shen EOS has been used in many supernova studies, the Togashi EOS was recently constructed on the basis of variational many-body theory with the AV18 twonucleon potential and UIX three-nucleon potential [13] . Regarding uniform nuclear matter, the incompressibility, which characterizes a stiffness of EOS, of the Togashi EOS and Shen EOS are K = 245 MeV and 281 MeV, respectively. Thus, the Togashi EOS is softer than the Shen EOS at high densities. They are different also for the properties of neutron-rich matter. At the saturation density, the symmetry energy E sym and the density derivative coefficient of the symmetry energy L are (E sym , L) = (30.0 MeV, 35 MeV) for the Togashi EOS and (E sym , L) = (36.9 MeV, 111 MeV) for the Shen EOS. Note that, E sym and L of the Shen EOS are somewhat higher than the current constraints [14] . The properties of the nonuniform phase are also different between the Togashi EOS and Shen EOS although they share the same method of dealing with inhomogeneous nuclear matter. They adopt the Thomas-Fermi approximation so as to calculate not only the EOS of the nonuniform phase but also X A and A in a self-consistent manner. Therefore, the difference in the uniform nuclear matter is reflected in the nonuniform phase [11, 15] .
Both nonuniform and uniform phases affect neutrino radiation from the cooling of a PNS [8, [16] [17] [18] [19] [20] . To extract the impacts of heavy nuclei, we prepare a third EOS connecting the Togashi EOS at high densities and the Shen EOS at low densities including the nonuniform phase, and we refer to it as the T+S EOS. The difference between the models with the Togashi EOS and T+S EOS should be attributed to heavy nuclei. In this paper, we demonstrate that heavy nuclei act as thermal insulation near the surface of a PNS, enhancing the interactions between the matter and neutrinos, and that this effect is reflected in the neutrino radiation.
II. SETUP
We start our computations with the progenitor model of 15M ⊙ in [21] . Utilizing the numerical code of general relativistic neutrino-radiation hydrodynamics, which solves the Boltzmann equation for neutrinos together with Lagrangian hydrodynamics under spherical symmetry [9] , we follow the core collapse of the progenitor until time t = 0.3 s, which is measured from the bounce. The simulations are performed with the Togashi EOS and Shen EOS and, for both cases, the shock wave is stalled at the baryon mass coordinate of ∼1.47M ⊙ at t = 0.3 s. From the results of these hydrodynamical simulations, the central parts of the stellar cores up to just ahead of the shock wave are extracted for use as the initial conditions of the subsequent simulations of PNS cooling, as in [22] . Incidentally, in successful supernova explosions, the PNS mass is determined self-consistently from hydrodynamical simulations [23] [24] [25] .
In the simulations of PNS cooling, quasi-static evolutions of the PNS are solved by considering the neutrino transfer using a multigroup flux limited diffusion scheme under spherical symmetry with general relativity [10] . In this method, the Boltzmann equations in the angleintegrated form are considered for ν e ,ν e and ν x , where ν µ ,ν µ , ν τ andν τ are treated collectively as ν x . For the neutrino interactions, we adopt not only the standard set given by Bruenn [26] but also the neutrino-positron scattering [27] and neutrino pair processes via plasmon decay [28] and nucleon bremsstrahlung [29] . Note that the bremsstrahlung process is important for determining the contribution of ν x . Here, the hydrostatic structure of the PNS at each time is computed by the TolmanOppenheimer-Volkoff equation. For simplicity, we do not take into account convection, which has been included in recent studies [8, 19] .
Through the interactions between the matter and neutrinos, the profiles of the entropy and lepton number in the PNS evolve. Although we follow the core collapse with the Togashi EOS and Shen EOS individually for use as the initial conditions of the simulations of PNS cooling, we obtain similar profiles of the entropy and electron fraction as functions of the baryon mass coordinate, as in [30] . Adopting individual initial conditions, we perform the simulations of PNS cooling with the Togashi EOS and Shen EOS. Furthermore, we evaluate the neutrino flux emitted from the cooling process of the PNS. The evolution of the PNS is computed until the central temperature drops to at least 2.2 MeV, and by then the neutrino luminosity has decreased sufficiently.
As already mentioned, we also investigate PNS cooling with the T+S EOS. For this purpose, we prepare a purely uniform nuclear matter EOS which is the same as the Togashi EOS but does not include heavy nuclei. Its property is shown in Sec. 2 of [11] and we refer it as the Togashi' EOS. Since the baryon mass density, temperature and electron fraction are adopted as independent variables in the Togashi EOS and Shen EOS, the T+S EOS are prepared as functions of them. To obtain other variables, such as the free energy, for a given density, temperature and electron fraction, values in the Togashi' EOS and Shen EOS with the same temperature and electron fraction are interpolated in the density direction. In the T+S EOS, the Togashi' EOS for the baryon mass density ρ B ≥ 10 14.3 g cm −3 and the Shen EOS for ρ B ≤ 10 14 g cm −3 are adopted, and the two EOSs are interpolated for 10 14 g cm −3 ≤ ρ B ≤ 10 14.3 g cm −3 . As a result, the T+S EOS shares the properties of heavy nuclei with the Shen EOS. In contrast, for the uniform nuclear matter with ρ B ≥ 10 14.3 g cm −3 , the T+S EOS is the same as the Togashi' EOS and hence Togashi EOS. The same initial condition as for the Togashi EOS is adopted for the simulation of PNS cooling with the T+S EOS.
III. RESULTS
Time evolutions of the neutrino luminosity and mean energy are shown in Figure 1 . The time scale of neutrino emission corresponds to that of PNS cooling. For instance, the time when the central temperature becomes sufficiently low as 2.2 MeV is t = 120.1 s, 78.9 s and 56.6 s for Togashi EOS, T+S EOS and Shen EOS, respectively. The Togashi EOS has a longer time scale of neutrino emission than the Shen EOS. This is due to the fact that the Togashi EOS is softer and has a more compact PNS. While the baryon mass of the PNS investigated in this study is 1.47M ⊙ for both cases, the radius of the PNS at t = 50 s is 11.8 km for the Togashi EOS and 14.1 km for the Shen EOS. Meanwhile, the central density of the PNS is ρ B = 7.73 × 10 14 g cm −3 for the Togashi EOS and 4.87 × 10 14 g cm −3 for the Shen EOS. Therefore, in the case of the Togashi EOS, the neutrino mean free path is shorter and it takes more time for neutrinos to escape from the PNS. Furthermore, the total energy emitted by neutrinos (time-integrated neutrino luminosity) is larger for Togashi EOS. This is again due to the compactness of the PNS. The energy emitted by neutrinos becomes larger for the EOS with a more compact PNS because it corresponds to the binding energy released by the cooling and shrinkage of the PNS.
According to Figure 1 , the neutrino luminosities for the Togashi EOS and T+S EOS are similar until t ∼ 70 s. This means that the evolutionary histories of the PNS structure are similar for both cases. Since the main part of the PNS is a high-density region, the energy emitted as neutrinos mainly originates from there. Therefore, the evolution of the PNS is mainly determined by the high-density nuclear matter, for which the T+S EOS is the same as the Togashi EOS. In fact, at t = 50 s, the baryon mass coordinate with ρ B = 2 × 10 14 g cm −3 is 1.42M ⊙ for both the Togashi EOS and the T+S EOS. In contrast to the preceding argument, from as early as t ∼ 20 s, a difference appears in the neutrino mean energy between the cases with the Togashi EOS and T+S EOS (Figure 1 ). For the matter in the PNS, we show the relation between the baryon mass density and temperature at different times in Figure 2 , in which the behaviors in the low-density region with ρ B 2 × 10 14 g cm −3 can be seen clearly. We can recognize that the case with the Togashi EOS has a higher temperature than that with the T+S EOS at any given time. Furthermore, the critical temperature and transition density between the uniform and nonuniform phases of the Togashi EOS are higher than those of the T+S EOS. For the T+S EOS, the nonuniform phase appears only in the region with ρ B < 10 14 g cm −3 , where the T+S EOS and the Shen EOS are the same. The difference between the Togashi EOS and Shen EOS is described later in Sec. IV.
The properties of heavy nuclei can account for the difference in the neutrino mean energy stated above. Heavy nuclei have a large scattering cross section with neutrinos owing to the coherent effects. The cross section is proportional to ∼A 2 . Meanwhile, the number density of heavy nuclei in a PNS is proportional to ρ B X A /A, where X A is defined by the fraction of the number of nucleons in heavy nuclei to the total baryon number. Therefore, the local neutrino mean free path due to neutrino-nucleus scattering is proportional to ∼1/(ρ B X A A). The values of A and X A near the surface of the PNS are shown in For the Togashi EOS, the high critical temperature hastens the appearance of heavy nuclei and the high transition density shortens the neutrino mean free path. Furthermore, as described in [11] , the Togashi EOS has large values of A (Figure 3) , which enhances the impact of heavy nuclei. As a result, neutrinos efficiently interact with the matter and keep the matter hot near the PNS surface. Reflecting the temperature there, the neutrino mean energy remains higher for the case with the Togashi EOS. In addition, for the Togashi EOS, hot matter near the PNS surface affects the neutrino luminosity after t ∼ 70 s, where a difference from the T+S EOS is seen, and increases the duration of neutrino emission.
IV. DISCUSSION AND CONCLUSION
As stated above, the interactions between the matter and neutrinos are enhanced near the surface of the PNS owing to the coherent effects of neutrino-nucleus scattering. Since neutrinos have a low energy in a PNS, they are isoenergetically scattered off heavy nuclei. It may appear strange that the isoenergetic scattering affects the state of matter, particularly the temperature. This is interpreted as follows. Owing to isoenergetic scattering, neutrinos follow a zigzag path and the probabilities of other reactions with energy exchange, such as neutrinoelectron scattering, increase. Let λ th be the mean free path for thermalization processes, which associates energy exchange, and λ tot be the one for total reactions including isoenergetic coherent scattering. Within the mean free time for thermalizing reactions λ th /c being the light velocity c, neutrinos react N = λ th /λ tot times with the matter and propagate diffusively over the effective distance l th = √ N λ tot = √ λ tot λ th . Therefore, the optical depth for thermalization at radius r is given by
with the PNS radius R PNS . Then the radius of the energy sphere R th is given by τ th (R th ) = 2/3 [31] . For instance, at t = 50 s, the energy sphere ofν e with 10 MeV has radii and densities of (R th , ρ B ) = (10.9 km, 6.5 × 10 13 g cm −3 ) for the Togashi EOS and (R th , ρ B ) = (10.6 km, 1.9 × 10 14 g cm −3 ) for the T+S EOS. At the same time and location, the temperature is 4.9 MeV for the Togashi EOS and 4.0 MeV for the T+S EOS. This means that, for the Togashi EOS, the thermalization is achieved even in the low-density region near the PNS surface and the matter is hot.
In this study, we have investigated PNS cooling with two types of EOS, the Togashi EOS and Shen EOS. The density derivative coefficient of the symmetry energy, which is one of the parameters characterizing the nuclear EOS, of the Togashi EOS (L = 35 MeV) is smaller than that of the Shen EOS (L = 111 MeV). Because the symmetry energy at subnuclear densities is large for the EOS with a small L, the matter near the PNS surface is more proton-rich for the Togashi EOS. In fact, at t = 50 s, the electron fraction on the boundary between the uniform and nonuniform phases is 0.034 for the Togashi EOS and 0.017 for the Shen EOS, as seen in Figure 4 . Since the creation of heavy nuclei is induced by proton clustering [15] , the proton-rich matter is less stable against the creation of heavy nuclei. As a result, the temperature and density ranges of the inhomogeneous phase get wider for the Togashi EOS [11] , namely, (i) the critical temperature for the nonuniform phase is higher and (ii) the transition density is higher. Furthermore, for the Togashi EOS, less neutrons drip out of a nucleus in a Wigner-Seitz cell in the Thomas-Fermi model due to the larger symmetry energy in subnuclear densities. Therefore, the nucleon density of dripped matter is lower and the surface energy of nuclei becomes larger. As a result, the Coulomb energy also becomes larger because it is balanced with the surface energy. This means that the proton number Z of nuclei increases. Since protons associate neutrons, (iii) the mass number of heavy nuclei A is larger [15] . These three factors lead to effective thermalization, keeping the matter hot near the PNS surface. Thus, through heavy nuclei, the nuclear symmetry energy is imprinted on the neutrino mean energy, which is hopefully observable for a PNS of future nearby supernova.
Beyond the aspects dealt with in this study, other possible phases are suggested for low-density nuclear matter. The pasta phase, where nuclei deform to rodlike and slablike shapes, is thought to appear just below the transition density to the uniform phase and, if this is the case, the coherent scattering of neutrinos off pasta nuclei occurs [32, 33] . In particular, pasta nuclei may appear in the density region where nuclei with the very large mass numbers reside for the Togashi EOS (Figure 3) . In principle, to compute the scattering cross section, we should consider the full nucleon distribution reflecting the ion screening effect, which reduces the cross section [34, 35] . For pasta nuclei, the impact of coherent effects on PNS cooling was studied in [8] and extension of the cooling time scale was observed, as in our result. It has also been found that the pasta phase affects neutrino luminosity while the critical temperature and transition density assumed in [8] were higher and independent of the electron fraction. Note that the phase boundary should be determined consistently with the bulk uniform EOS for each electron fraction. In the table of the Togashi EOS, as well as that of the Shen EOS, physical quantities are given at each grid point of the density, temperature and electron fraction. Unfortunately, in this study, the discreteness of the density mesh generates numerical fluctuation of the neutrino luminosity (Figure 1 ). Various and more precise EOS tables are desirable for future work.
In conclusion, we have performed simulations of PNS cooling with two types of EOS including heavy nuclei. We found that the neutrino luminosity is mainly determined by the high-density EOS, particularly for the early phase: the softer EOS gives a higher luminosity. On the other hand, the low-density EOS affects the cooling time scale and neutrino mean energy through heavy nuclei because they act as thermal insulation near the PNS surface owing to the coherent effect. Therefore, an EOS with a small L value is implied to give a long cooling time scale and high neutrino mean energy.
